Defects in crystalline materials control the properties of engineered and natural materials, and their characterization focuses our strategies to optimize performance. Electron microscopy has served as the backbone of our understanding of defect structure and their interactions owing to beneficial spatial resolution and contrast mechanisms that enable direct imaging of defects. These defects reside in complex microstructures and chemical environments, demanding a combination of experimental approaches for full defect characterization. In this article, we describe recent progress and trends in methods for examining defects using scanning electron microscopy platforms, where several emerging approaches offer attractive benefits, for instance in correlative microscopy across length scales and in situ studies of defect dynamics.
Introduction
The paradigm underpinning materials science and engineering that structure controls properties and performance is determined by the governing role of defects in mediating properties ranging from mechanical strength and damage tolerance (1-3) to optoelectronic response (4) to phase transformation phenomena (5) . Direct experimental characterization of crystalline defects dates back to the invention of electron microscopy (6) , yet the past decade has witnessed tremendous advances in new electron imaging and diffraction-based modalities for quantifying defects and their corresponding ensembles, interactions with other microstructural features, and dynamics. In the case of extended defects such as dislocations and planar faults, pioneering developments have taken an orthogonal tack from the race for spatial resolution in electron microscopy, and instead have targeted correlative characterization techniques, temporal resolution to capture dynamics in situ, and statistical quantification of defect evolution and organization. This is required to deploy modern materials for emerging technologies such as additive manufacturing and optoelectronics, and those used in extreme environments, where a toolbox of materials characterization probes is necessary to advance our understanding of the links between defects and materials properties.
This article focuses on methods for identifying and quantifying defects that are amenable to scanning electron microscopy platforms, which offer versatility for multi-modal and in situ characterization, as well as differences in scattering physics owing to different primary electron beam energies. We highlight recent advances and trends in defect imaging and characterization using electron backscatter diffraction, electron channeling contrast imaging, and diffraction-contrast scanning transmission electron microscopy approaches. We conclude by assessing the role of the emerging interplay between multimodal microscopy and data science on our understanding of defect-property relationships in advanced materials.
Defect characterization using electron backscatter diffraction (EBSD)
Progressive development of EBSD has increased in sophistication and presently provides fast automated indexing of electron diffraction patterns in the SEM (for more information, see (7) (8) (9) and (10) ) For defect analysis, this has been augmented by recent developments of the HR-EBSD method initially advanced by Wilkinson and colleagues (11, 12) which uses direct cross correlation of EBSD patterns which enables a resolution of better than 10 -4 in (relative, deviatoric) elastic strain and 10 -4 rads in (relative) lattice rotation. For metallic structures, recent advances have included pattern remapping (13, 14) which has improved the robustness of elastic strain measurements in metals. For all these EBSD techniques, the scanning nature of the electron beam in the SEM and automated analysis of very large maps (often >>10k mapped points) at a range of length scales enables rich microstructure maps to be generated (for reviews on the EBSD technique see (15, 16) ). The information within each measured EBSD map is rich, and the information (e.g. grain shape, orientation)
can be correlated together providing insight into crystal orientation, grain boundary network. These data can be linked with other imaging modes such as backscatter and secondary electron imaging, as well as AFM (17) and Raman microscopy (18) to provide correlative approaches to understand the lattice state in materials. Through applying Nye's analysis (19) (20) (21) (22) , and afforded by the increased precision of the HR-EBSD approach (23) , it is now routine to assess the storage of so called "geometrically necessary dislocations" (GNDs) which give rise to lattice curvature; furthermore, a statistical treatment of the variation in lattice shear stress distributions can be used to assess the "statistically stored dislocations" (SSDs) (24, 25) , which are related to closely bound dislocations that do not give rise to lattice curvature e.g. dislocation dipoles and multipoles.
Mapping of GND content is a popular use of the EBSD method and these quantitative maps can span a range of dislocation densities (1x10 12 to ~5x10 15 dislocations per m 2 ) and length scales (from ~2 nm to 10 μm step size) (26) which are often difficult to assess with other methods. Understanding of defects with HR-EBSD has proven popular in metals (27) (28) (29) (30) , semiconductors (31, 32) ceramics (33) , and geological materials (34) (35) (36) .
The HR-EBSD and EBSD techniques provide quantitative assessment of the state of the crystal lattice and therefore they lend themselves towards direct quantitative linking with materials models, such as crystal plasticity finite element modelling. For HR-EBSD, the technique can only measure relative variations in lattice strain within each grain, which can be related to the relative stress through
Hooke's law. Nevertheless, even these types of residual stresses, caused by the presence of lattice defects, are important to understand the nature of the lattice strain state during deformation (37, 38) or that of thin film crystal growth (12) .
EBSD continues to evolve as a technique, most notably with ever faster detectors (modern CMOS based detectors can capture patterns at >2000 Hz) and the emergence of direct detectors (39) (40) (41) , which provides high angular information within the patterns themselves, thus offering the potential for direct quantitative comparison with high quality dynamical simulations (42) . This has the potential to unlock further information about the structure and nature of defects, as it may be possible to correlate the selective blurring of different diffraction bands with the nature of the dislocation structures within the interaction volume (43) . This approach is analogous to line broadening approaches used commonly within the X-ray community (44) using advances in pattern analysis (45, 46) , but note that dynamical scattering and diffraction effects and the detector physics would have to be considered. cases. In order to do so, however, a tool is required to accurately determine the crystal orientation and the active diffraction conditions. This can be done via EBSD (64, 65) , electron channeling patterns (66) or interpretation of contrast variation for multiple channeling contrast images (67) . The EBSD-based approach is depicted in Figure 2 (b): a sample is placed in EBSD position (1) to determine the crystal orientation of a desired grain (2) . The sample is then moved close to the BSE detector and is tilted to the approximate channeling conditions using the knowledge on crystal orientation; the sample tilt and rotation is then slightly adjusted to maximize contrast (3) . By scanning over the sample an ECC image is obtained (4).
ECCI is advantageous as it works with bulk samples, rather than thin foils thus reducing bending and strain relaxation. Therefore, defect evolution can be observed with in situ or quasi in situ experiments with improved boundary conditions, for example during deformation, annealing or chemical modification.
Furthermore it can be used on very large (up to cm 2 ) improving statistical treatments. This often overcomes issues with contrast and resolution, as compared to complementary TEM and STEM based defect analysis. In a subsequent step the sample was lightly polished to remove the indents but conserving the grains; it was then electrolytically charged with hydrogen and the same grains indented and observed again. One resulting indent is shown in Figure   2 (e). Here, dislocations with extended stacking faults reach much further out than in the uncharged sample, indicating a reduction in stacking fault energy by hydrogen and an increase of dislocation density as proposed by the hydrogen enhanced local plasticity (HELP) mechanism (68).
Diffraction-contrast scanning transmission electron microscopy
Some of the earliest work on TEM included the imaging of crystalline suggesting that the strain field near a dislocation will provide more localized contrast ( Figure 3(g,h) ). These collective features make defect observations using TSEM amenable to materials that possess high dislocation densities or where fine structure needs to be resolved (e.g dissociated dislocations), as well as where defect-obstacle interactions are of interest (89) . The field of TSEM as applied to characterization of defects is nascent and offers exciting practical and fundamental benefits for materials research. Advancements in this vein are necessary, such as in navigating reciprocal space to specific diffraction conditions by making use of on-axis cameras providing diffraction patterns (88) , as well as in advanced positioning systems analogous to those found in advanced X-ray synchrotron beamlines.
We offer the following comparison of the methods described above for defect assessment, as summarized in Table 1 are obtained at each mapped point, the richness of the information increases further. In Figure 4 , we highlight examples of further insights from correlative microscopy (multi modal, including chemistry and structure) and in situ microscopy (providing time) approaches. The volume and complexity of these approaches automatically lend themselves to applications of "big data" and "machine learning" approaches. In gathering data, the SEM community has been ahead of many in this regard, as automation has been key in handling and Forward modelling is increasingly used as greater computation power and numerical approximations makes solving of complicated electron-matter physics interactions reasonable, which makes fitting of these models tractable. For electron modalities including electron channeling and diffraction can be performed using EMSoft (94) , which has widened the opportunity to perform high quality pattern matching based indexing of electron channeling patterns (ECPs) and EBSD. Advances in this area will likely include the use of forward models to provide, for instance, the generation of physics based templates for matching different dislocation types that thread the surface of bulk semiconductors (95) and improve the robustness to image noise thus realizing automated defect analysis (96) (103) with permission from Elsevier). A highlight of correlative microscopy (right panel) demonstrates the use of ECCI to identify defects for site-specific investigations, including S/TEM and atom probe tomography (APT) methods to characterize structural and chemical details, respectively, at a superlattice intrinsic stacking fault in a CoNibased superalloy (104) .
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